ABSTRACT. The relationship was examined between in vitro peritoneal macrophage phagocytosis of glutaraldehyde-treated sheep red cells (GRCs) and the electric surface charge density of the cells. A low ionic strength produced a significant increase in the negative charge of the macrophage and GRC surfaces, and this was accompanied with a reduction in macrophage phagocytic activity. Treatment of cells with protamine sulfate reduced the negative surface charge of both macrophages and GRCs. This protamine sulfate treatment resulted in an increase of macrophage phagocytic activity. Furthermore, the macrophage phagocytic activity decreased linearly with an increase in the product of the negative charge density on the surfaces of both macrophages and GRCs. These results suggest that the magnitude of the electrostatic repulsion force between the surfaces of the macrophage and GRC is an important factor in the control mechanism of the attachment to macrophages that preceded ingestion.
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The electric surface charge of the cells and particles probably has an effect on phagocytosis, especially on the attachment of particles to the cell surface. Many reports have suggested that the mechanism of phagocytosis is largely related to the electrostatic property of the surface of the phagocytic cell and phagocytized particles (4, 8, 11, 13, 15-18, 22, 23) . Furthermore, enhancement of phagocytic activity has been reported with polycationic compounds (4, 11, 15, 18) . The polyelectrolytes in the medium change the electrostatic property of the cells and the particles. The present experiment with peritoneal macrophages was designed to examine the influence of the cell and particle surface charge on phagocytosis. The results showed inhibition of phagocytosis by an electrostatic repulsive force between macrophages and glutaraldehyde-treated red cells. 
RESULTS
Effects of polyelectrolytes and ionic strength on electrophoretic mobility of macrophages and GRCs. The electrophoretic mobility decreased by incubation of macrophages with protamine sulfate at 0.1 mg/ml or more, and the mobility dropped to one- half the original level at the concentration of 1 mg/ml. Macrophage treatment with chondroitin sulfate concentration of 1 mg/ml or less induced no detectable change in mobility, but at a concentration of 10 mg/ml the mobility increased significantly, suggesting that the cells had positively charged residues ( Table 1) . The macrophages in all cases showed much lower electrophoretic mobility than GRCs ( Table 2) . The macrophage viability test was performed by the dye-exclusion test and revealed that protamine sulfate treatment at 1 mg/ml or lower had no toxic effect on the cells, but a toxic effect was found at a concentration of 10 mg/ml (Table 3) . Chondroitin sulfate treatment resulted in no remarkable toxic effect on cells at the concentrations tested.
An increase in the ionic strength of the medium significantly suppressed the surface charge densities of both macrophages and GRCs ( Table 2 ). The electrophoretic mobilities of macrophages and GRCs measured in 1/10 PBS (ionic strength, 0.015) were two or three times faster than in PBS (ionic strength, 0.15).
Effects of polyelectrolytes and ionic strength on phagocytic activity of macrophages. Treatment of GRCs and macrophages with protamine sulfate resulted in an increase in the number of GRCs attached to and ingested by macrophages. The phagocytic activity was stronger in the GRC-treated group than the macrophage-treated group. The phagocytic promoting effects were marked on the attachment of GRCs to macrophages. The phagocytosis-enchancing effect of protamine sulfate was seen at concentrations of 0.1 to 1 mg/ml, while chondroitin sulfate had little effect on phagocytosis, though some suppression was evident at increased concentrations (Fig. 1) . Washing with polyelectrolyte-free solution did not diminish the effects of polyelectrolyte treatment, and increased phagocytic activity was observed even after two to five washes. The effect of polyelectrolyte-treatment on the surface charge and phagocytosis was preserved after washings (Fig. 2) . The ionic strength of the medium also exerted a marked effect on the phagocytic activity of macrophages that diminished with decreased ionic strength (Fig. 3) .
Correlation of phagocytic activity of macrophages with electrophoretic mobility. The macrophage-GRC-attachment and GRC-ingestion values in the different experimental conditions (Y) were plotted against the product of the respective values of the electrophoretic mobility of macrophages and GRCs (X) (Fig. 4) . The phagocytic activity of macrophages was significantly stimulated with decreased electrophoretic mobilities. The regression line for GRC-attachment and GRC-ingestion of macrophage was Y = 2.50-0.842X and Y = 0.444-0.166X, respectively. Application of the Student's t-test yielded a probability value of less than 0.005 between the two groups (14) . It is evident that the macrophage activity decreased linearly with the increased product of negative charge densities on the surfaces of both GRCs and macrophages. The results also showed that the attachment ratio of GRC-to-macrophage was more than five times the ingestion ratio of GRC-to-macrophage. analysis of these results clearly showed that attachment and ingestion decreased linearly with increased negative surface values of macrophages and GRCs. It may be said that Coulomb's electrostatic force due to surface charge contributes to the repulsive barrier between macrophages and GRCs during the process of attachment.
Little information exists on the mechanisms of mutual attachment in phagocytosis. Some investigators reported a reduction in the electrophoretic mobility of macrophages from immunized animals to specific antigen (5, 7) . A problem to investigate in the future is the role of the electric surface charge in relation to specific receptor(s) in phagocytosis.
